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Abstract: OBJECTIVES: Currently, multiple sclerosis is treated with anti-inflammatory therapies, but
these treatments lack efficacy in progressive disease. New treatment strategies aim to repair myelin
damage and efficacy evaluation of such new therapies would benefit from validated myelin imaging tech-
niques. Several MRI methods for quantification of myelin density are available now. This systematic
review aims to analyse the performance of these MRI methods. METHODS: Studies comparing myelin
quantification by MRI with histology, the current gold standard, or assessing reproducibility were re-
trieved from PubMed/MEDLINE and Embase (until December 2019). Included studies assessed both
myelin histology and MRI quantitatively. Correlation or variance measurements were extracted from
the studies. Non-parametric tests were used to analyse differences in study methodologies. RESULTS:
The search yielded 1348 unique articles. Twenty-two animal studies and 13 human studies correlated
myelin MRI with histology. Eighteen clinical studies analysed the reproducibility. Overall bias risk
was low or unclear. All MRI methods performed comparably, with a mean correlation between MRI
and histology of R2=0.54 (SD=0.30) for animal studies, and R2=0.54 (SD=0.18) for human studies.
Reproducibility for the MRI methods was good (ICC=0.75-0.93, R2=0.90-0.98, COV=1.3-27%), except
for MTR (ICC=0.05-0.51). CONCLUSIONS: Overall, MRI-based myelin imaging methods show a fairly
good correlation with histology and a good reproducibility. However, the amount of validation data is
too limited and the variability in performance between studies is too large to select the optimal MRI
method for myelin quantification yet.
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a b s t r a c t 
Objectives: Currently, multiple sclerosis is treated with anti-inflammatory therapies, but these treatments lack 
efficacy in progressive disease. New treatment strategies aim to repair myelin damage and efficacy evaluation of 
such new therapies would benefit from validated myelin imaging techniques. Several MRI methods for quantifi- 
cation of myelin density are available now. This systematic review aims to analyse the performance of these MRI 
methods. 
Methods: Studies comparing myelin quantification by MRI with histology, the current gold standard, or assessing 
reproducibility were retrieved from PubMed/MEDLINE and Embase (until December 2019). Included studies 
assessed both myelin histology and MRI quantitatively. Correlation or variance measurements were extracted 
from the studies. Non-parametric tests were used to analyse differences in study methodologies. 
Results: The search yielded 1348 unique articles. Twenty-two animal studies and 13 human studies correlated 
myelin MRI with histology. Eighteen clinical studies analysed the reproducibility. Overall bias risk was low or 
unclear. All MRI methods performed comparably, with a mean correlation between MRI and histology of R 2 = 0.54 
(SD = 0.30) for animal studies, and R 2 = 0.54 (SD = 0.18) for human studies. Reproducibility for the MRI methods 
was good (ICC = 0.75–0.93, R 2 = 0.90–0.98, COV = 1.3–27%), except for MTR (ICC = 0.05–0.51). 
Conclusions: Overall, MRI-based myelin imaging methods show a fairly good correlation with histology and a 
good reproducibility. However, the amount of validation data is too limited and the variability in performance 
between studies is too large to select the optimal MRI method for myelin quantification yet. 
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- COV Coefficient Of Variance. 
- ICC Intraclass Correlation Coefficient. 
- ihMTR inhomogeneous Magnetization Transfer Ratio. 
- MBP Myelin Basic Protein. 
- mcDESPOT multicomponent Driven Equilibrium Single Pulse Obser- 
vation of T1 and T2. 
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- QUADAS Quality Assessment of Diagnostic Accuracy Studies. 
- SyMRI Synthetic MRI. 
- UTE Ultrashort Echo Time. 
1. Introduction 
Multiple sclerosis (MS) is the most common neurodegenerative dis- 
ease in young adults ( Ramagopalan et al., 2010 ). MS pathology is char- 
acterized by inflammatory, demyelinated lesions in the central nervous 
system (CNS). These lesions can be detected with magnetic resonance 
imaging (MRI). Thus, MRI can support MS diagnosis and show disease 
progression. However, MRI abnormalities in CNS lesions can originate 
from multiple factors like inflammation, demyelination, axonal loss, and 
gliosis, and are thus not specific for evaluating a single biological pro- 
cess ( Brück et al., 1997 ; Wayne Moore, 2003 ). Current treatment of MS is 
mainly focused on suppressing inflammation in the lesions and thereby 
decreasing further myelin damage. However, anti-inflammatory treat- 
ment has not been able to cure or stop the progression of MS so far. 
New treatments for MS are being developed that do not target in- 
flammation, but aim to stimulate myelin repair. Myelin is a fatty sub- 
stance that forms a protective layer around axons and enhances axonal 
conductance. Myelin damage can cause axonal dysfunction, resulting in 
a wide variety of neurological symptoms ( Alizadeh et al., 2015 ). For 
assessment of efficacy of these new myelin repair treatments, accurate 
in-vivo quantification of myelin is needed. Until now, several MRI meth- 
ods have been developed for the quantification of myelin density (see 
Heath and colleagues, 2017 ( Heath et al., 2017 ) for a thorough explana- 
tion). To validate these MRI methods as tools for assessment of myelin 
density, the methods should be evaluated against the current gold stan- 
dard for myelin quantification, i.e. histology. Subsequently, a verdict on 
the specificity, accuracy and reproducibility of these MRI measurements 
has to be reached. 
This review aims to evaluate the performance of the current MRI 
methods for myelin quantification in both animals and humans by as- 
sessing the correspondence of the MRI measures with myelin histology 
data, and their reproducibility. The evaluated myelin MRI methods are 
T1 mapping (hereafter referred to as T1), T2 mapping (hereafter referred 
to as T2), T1w/T2w ratio, Myelin Water Fraction (MWF), R2 ∗ , Quanti- 
tative Susceptibility Mapping (QSM), multicomponent Driven Equilib- 
rium Single Pulse Observation of T1 and T2 (mcDESPOT), Magnetiza- 
tion Transfer Ratio (MTR), quantitative Magnetization Transfer (qMT), 
inhomogeneous Magnetization Transfer Ratio (ihMTR), quantitative in- 
homogeneous Magnetization Transfer (qihMT), Synthetic MRI (SyMRI), 
Ultrashort Echo Time (UTE), and g-ratio. 
2. Methods 
2.1. Search & selection procedure 
This systematic review was conducted in accordance with the 
PRISMA-DTA statement, according to the recommendations of McInnes 
and Bossuyt, and McGrath and colleagues ( McGrath et al., 2019 ; 
McInnes et al., 2018 ; McInnes and Bossuyt, 2015 ). PubMed/MEDLINE 
and Embase were searched for studies on myelin MRI published un- 
til December 2019, using the search strings shown in the Appendix, 
without language restrictions. Retrieved studies were assessed by two 
authors. Studies describing MRI methods for quantification of myelin 
density were included if they quantitatively assessed either the corre- 
spondence of MRI results with myelin histology in the same subject, or 
the reproducibility of the MRI method. Any study assessing myelin MRI 
was considered irrespective of studied pathogenesis, since the efficacy 
of a method should be independent of the studied disease. Studies that 
contained only in-vitro, or simulated data and studies that lacked quanti- 
tative measurements were excluded. While diffusion MRI has been used 
as a marker for myelin integrity, it is becoming common knowledge that 
the long acquisition TEs of diffusion MRI makes it insensitive for myelin, 
which has a short T2 ( MacKay and Laule, 2016 ; Varma et al., 2015 ). In 
addition, diffusion MRI is not capable of differentiating between axonal 
or myelin damage. Because the differentiation is an essential aspect for 
the evaluation of the efficacy of remyelination therapies, we excluded 
studies correlating diffusion MRI with myelin histology. 
2.2. Risk of bias assessment 
The Quality Assessment of Diagnostic Accuracy Studies (QUADAS)- 
2 tool was used to assess the risk of bias in the correlation between 
MRI and histology, and the reproducibility assessment by two authors 
( Whiting et al., 2011 ). The QUADAS-2 tool assesses four key domains: 
patient/sample selection, index test, reference standard, and flow-and- 
timing. For this study, the index test was the MRI method and the refer- 
ence standard was myelin histology. The bias assessment for the repro- 
ducibility studies comprised the same methodology as used for the his- 
tological studies, but excluding the reference standard in the QUADAS-2 
tool. Risk of bias was scored for each domain as low, unclear, or high. 
The total risk of bias judgment was based on the assessment of all do- 
mains and the overall quality of the paper. 
2.3. Data analysis 
All studies correlating MRI results with myelin histology used either 
R or R 2 values to describe the correspondence. If necessary, R values 
were converted to R 2 values. Sample size weighted mean R 2 values, 
based on the number of subjects in each study, were calculated per MRI 
method and over all studies. Due to the absence of a normal distribution 
of the data, the influence of the use of ex-vivo or in-vivo MRI, the use of 
fresh or fixated CNS samples, and the histological method to quantify 
myelin was individually assessed with the Mann Whitney U test and 
the Kruskal Wallis test (non-parametric equivalents for the t-test and 
ANOVA, respectively), using IBM SPSS statistics 23, without correction 
for multiple comparisons. The Mann Withney U test, generates an U 
value that can range from 0 to the product of the number of subjects 
in each group (n1 ∗ n2), with a bigger U value indicating less difference 
between groups. The Kruskal Wallis test generates an H as test statistic, 
with higher H values, indicating more difference between groups. Dif- 
ferences were considered statistically significant if the probability (p) 
was < 0.05. Forest plot analysis was performed for myelin histological 
correspondence with MRI for both animal and human studies. 
For reproducibility assessment, any measure of variance was ex- 
tracted. R 2 values, Intraclass Correlation Coefficient (ICC), Coefficient 
Of Variance (COV), and similarity were used as measures of variance. R 2 
and ICC values can range between 0 and 1: the closer the reported value 
is to 1, the higher the degree of reproducibility. The COV is reported here 
as the percentage of the mean value: values closer to 0% indicate lower 
variation and higher degree of reproducibility. Similarity is reported as 
a percentage, with 100% representing a perfect reproducibility. 
3. Results 
3.1. Literature search & bias assessment 
The PubMed/MEDLINE and Embase search led to retrieval of 1348 
unique articles ( Fig. 1 ), which resulted in a final selection ( Table 1 ) 
of 22 articles on animal studies ( Argyridis et al., 2014 ; Chen et al., 
2017 ; Deloire-Grassin et al., 2000 ; Duhamel et al., 2019 ; Fjær et al., 
2015 ; Hakkarainen et al., 2016 ; Harkins et al., 2013 ; Janve et al., 2013 ; 
Jung et al., 2017 ; Khodanovich et al., 2017 , 2019 ; Kozlowski et al., 
2008 ; Lauri J. Lehto et al., 2017a ; Lauri Juhani Lehto et al., 2017 ; 
Lodygensky et al., 2012 ; Merkler et al., 2005 ; Soustelle et al., 2019 ; 
Thiessen et al., 2013 ; Turati et al., 2015 ; Underhill et al., 2011 ; 
West et al., 2016 ; Zaaraoui et al., 2008 ) and 13 articles on human 
post-mortem studies ( Bagnato et al., 2018a ; Hametner et al., 2018 ; 
Laule et al., 2006 , 2008 ; Mottershead et al., 2003 ; Reeves et al., 2016 ; 
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Fig. 1. Flow diagram of literature search. 
Schmierer et al., 2004 , 2007 , 2008 ; Tardif et al., 2012 ; Van Der Voorn 
et al., 2011 ; Warntjes et al., 2017 ; Wiggermann et al., 2017 ) that vali- 
dated MRI against histology quantitatively ( Table 2 - 3 ). No animal stud- 
ies were found that assessed the correspondence between the T1w/T2w 
ratio, R2 ∗ , qihMT, SyMRI, or mcDESPOT and myelin histology ( Table 1 ), 
whereas no human studies were found that assessed the correla- 
tion between the T1w/T2w ratio, ihMTR, qihMT, UTE, mcDESPOT, 
or g-ratio and myelin histology quantitatively. In total, 18 studies 
( Arshad et al., 2017 ; Bagnato et al., 2018b , 2019 ; Drenthen et al., 2019 ; 
Duval et al., 2018 ; Ellerbrock and Mohammadi, 2018 ; Feng et al., 2018 ; 
Fujita et al., 2019 ; Lee et al., 2015 ; Levesque et al., 2010 ; Lévy et al., 
2018 ; Ljungberg et al., 2017 ; Meyers et al., 2009 ; Nguyen et al., 
2016 ; Prasloski et al., 2012 ; Shams et al., 2019 ; Wu et al., 2006 ; 
Zhang et al., 2019 ) examining reproducibility (all in humans) were 
retrieved ( Table 4 ). The reproducibility of MWF measurements was 
evaluated in 8 studies ( Arshad et al., 2017 ; Drenthen et al., 2019 ; 
Levesque et al., 2010 ; Ljungberg et al., 2017 ; Meyers et al., 2009 ; 
Nguyen et al., 2016 ; Prasloski et al., 2012 ; Wu et al., 2006 ), the repeata- 
bility of the T1w/T2w ratio in 3 studies ( Arshad et al., 2017 ; Lee et al., 
2015 ; Shams et al., 2019 ), qMT ( Bagnato et al., 2019 , 2018b ) and g-ratio 
( Duval et al., 2018 ; Ellerbrock and Mohammadi, 2018 ) was assessed in 2 
studies, whereas the test-retest analysis of T1 ( Shams et al., 2019 ), MTR 
( Lévy et al., 2018 ), ihMTR ( Zhang et al., 2019 ), qihMT ( Zhang et al., 
2019 ), SyMRI ( Fujita et al., 2019 ), R2 ∗ ( Feng et al., 2018 ), and QSM 
( Feng et al., 2018 ) was described in only a single study. No studies were 
found that conducted test-retest analysis for the other myelin MRI meth- 
ods. All retrieved studies were classified with either a low or unclear bias 
risk (for an extensive analysis see Appendix). 
3.2. Methodology in animal studies 
The selected animal studies used either rats ( Chen et al., 2017 ; 
Deloire-Grassin et al., 2000 ; Hakkarainen et al., 2016 ; Harkins et al., 
2013 ; Janve et al., 2013 ; Kozlowski et al., 2008 ; Lauri J. Lehto 
et al., 2017 ; Lauri Juhani Lehto et al., 2017 ; Lodygensky et al., 2012 ; 
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Table 1 
Summary of search results per validation part for each MRI myelin method. 
Preclinical Clinical Test-retest 
# studies # sample # studies # sample # studies # sample 
T1 2 15 6 91 1 17 
T2 3 30 4 34 - - 
T1w/T2w ratio - - - - 3 83 
MWF 5 73 2 28 8 87 
mcDESPOT - - - - - - 
R2 ∗ - - 2 14 1 8 
QSM 2 29 2 11 1 8 
MTR 10 145 6 98 1 16 
qMT 10 124 2 52 2 31 
ihMTR 1 3 - - 1 5 
qihMT - - - - 1 5 
SyMRI - - 1 12 1 10 
UTE 1 15 - - - - 
g-ratio 1 12 - - 2 19 
∗ ihMT = inhomogenous magnetization transfer, mcDESPOT = multicomponent Driven 
Equilibrium Single Pulse Observation of T1 and T2, MTR = Magnetization Transfer Ratio, 
MWF = Myelin Water Fraction, qMT = quantitative Magnetization Tranfer, QSM = Quan- 
titative Susceptibility Mapping, SyMRI = Synthetic MRI, UTE = ultrashort echo time 
Table 2 
Methods used to assess the correlation of MRI with myelin histology in animal studies. 
Study Histological measurement Ex vivo vs in vivo MRI Post mortem interval MRI method Correlation method 
Deloire-Grassin, 2000 LM + toluidine blue In vivo 1h MTR Spearman 
Merkler, 2005 LFB In vivo Overnight MTR Pearson 
Kozlowski, 2008 LFB Ex vivo Overnight MWF Pearson 
Zaaraoui, 2008 anti-MBP Ab In vivo 1h MTR Pearson 
Underhill, 2011 LFB In vivo n.s. qMT Pearson 
Lodygensky, 2012 black gold II In vivo 1d QSM Spearman 
Harkins, 2013 LM + toluidine blue In vivo 2d MWF, qMT Not specified 
Janve, 2013 LFB Ex vivo 1d MTR Pearson 
Thiessen, 2013 TEM In vivo > 3d T1,T2, MTR, qMT Spearman 
Argyridis, 2014 LFB Ex vivo Overnight QSM Not specified 
Fjaer, 2015 anti-PLP Ab In vivo 7d MTR Not specified 
Turati, 2015 anti-MBP Ab In vivo Overnight qMT Spearman 
black gold II In vivo Overnight qMT Spearman 
Hakkarainen, 2016 Gold chloride Ex vivo Overnight T1, T2, MTR Pearson 
Lehto, 2017b gold chloride Ex vivo 4h MTR Pearson 
West, 2016 TEM + toluidine blue Ex vivo 1w T2, MWF, MTR, qMT Pearson 
Chen, 2017 TEM Ex vivo Overnight MWF Not specified 
Jung, 2017 TEM + toluidine blue Ex vivo 1w g-ratio Not specified 
Khodanivich, 2017 LFB In vivo Overnight qMT Pearson 
Lehto, 2017a gold chloride In vivo 4h MTR Pearson 
Duhamel, 2019 GFP In vivo 2h ihMTR Pearson 
Khodanovich, 2019 anti-MBP Ab In vivo 1d qMT Linear regression 
Soustelle, 2019 anti-MBP Ab Ex vivo 2w MWF, qMT, UTE Spearman 
anti-MBP Ab = anti-Myelin Basic Protein antibodies 
anti-PLP Ab = anti-Proteolipid Protein antibodies 
LFB = Luxol Fast Blue 
LM = Light microscopy 
MRI = magnetic resonance imaging 
MTR = Magnetization Transfer Ratio 
MWF = Myelin Water Fraction 
n.s. = not specified 
qMT = quantitative Magnetization Transfer 
QSM = Quantitative Susceptibility Mapping 
TEM = transmission electron microscopy 
Underhill et al., 2011 ) or mice ( Argyridis et al., 2014 ; Duhamel et al., 
2019 ; Fjær et al., 2015 ; Jung et al., 2017 ; Khodanovich et al., 2019 , 
2017 ; Merkler et al., 2005 ; Soustelle et al., 2019 ; Thiessen et al., 2013 ; 
Turati et al., 2015 ; West et al., 2016 ; Zaaraoui et al., 2008 ) and these 
were either healthy animals or models for multiple sclerosis, glioma, 
traumatic brain injury, spinal cord injury, or intra-myelinic edema 
( Table 2 & A.1). The main difference in methodology was the use of 
in-vivo ( Fig. 2 A) or ex-vivo MRI measurements ( Fig. 2 B) and the histo- 
logical technique used for myelin assessment. After in-vivo MRI, samples 
were harvested and fixated prior to histological assessment. With ex-vivo 
MRI, samples were first harvested and fixated, before MRI and histology. 
Overall, no significant differences were observed between ex-vivo and 
in-vivo MRI studies and their correlation with myelin histology ( Fig. 3 A 
Mann-Whitney U test, U = 227.5, p = 0.068). When each MRI method was 
individually assessed, there was also no difference between ex-vivo and 
in-vivo MRI observed. 
Different histological techniques for myelin quantification were 
used: histochemistry, immunohistochemistry, or quantitative mi- 
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Table 3 
Methods used to assess the correlation of MRI with myelin histology in human studies. 
Study Histology measurement Fixation method before MRI Post-mortem interval MRI method Correlation method 
Mottershead, 2003 LFB Not applicable 72h (SD 39.2h) T1, T2, MTR Spearman 
Schmierer, 2004 LFB Not applicable 35.9h (SD 12.4h) T1, MTR Pearson 
Laule, 2006 LFB 10% formalin > 2m MWF Not specified 
Schmierer, 2007 LFB Not applicable 43h (SD 8h) T1, MTR, qMT Pearson 
Laule, 2008 LFB 10% formalin > 2m MWF Not specified 
Schmierer, 2008 LFB Not applicable 51h (SD 28h) T1, T2, MTR, qMT Not specified 
10% formalin 8-133d (mean 64d, SD 42d) T1, T2, MTR, qMT Not specified 
Van Der Voorn, 2011 LFB Formalin > 5w MTR Pearson 
Tardif, 2012 anti-MBP Ab 10% formalin 4y T1, T2, MTR Spearman 
Reeves, 2016 anti-MBP Ab Formalin 5-568d T1, T2 Spearman 
Warntjes, 2017 LFB Not applicable 20h-3d SyMRI Spearman 
Wiggermann, 2017 LFB 4% paraformaldehyde unknown QSM Not specified 
Bagnato, 2018a LFB & anti-PLP Ab 4% paraformaldehyde > 1y R2 ∗ Pearson 
Hametner, 2018 LFB 37% formalin 24d QSM Pearson 
anti-MBP Ab = anti-Myelin Basic Protein antibodies 
LFB = Luxol Fast Blue 
MRI = magnetic resonance imaging 
MTR = Magnetization Transfer Ratio 
MWF = Myelin Water Fraction 
qMT = quantitative Magnetization Transfer 
QSM = Quantitative Susceptibility Mapping 
SyMRI = Synthetic MRI 
Table 4 
Characteristics of the test–retest studies. 
Study MRI method TRT interval Statistical correspondence analysis 
Wu, 2006 MWF different days COV 
Meyers, 2009 MWF 2.5 h (1.5–3.75 h) Pearson 
Levesque, 2010 MWF directly after each other COV 
Prasloski, 2012 MWF 2.5 h (1.5–3.75 h) COV & unknown correlation ( R 2 is mentioned) 
Lee, 2015 T1w/T2w ratio directly after each other COV 
Nguyen, 2016 MWF After repositioning COV & Pearson 
Arshad, 2017 T1w/T2w ratio 5 min, with repositioning ICC 
Ellerbrock, 2018 g-ratio 1w (6-8d) % similarity 
Ljungberg, 2017 MWF directly after each other COV 
Bagnato, 2018b qMT < 1 month COV 
Duval, 2018 g-ratio After repositioning Pearson 
Feng, 2018 QSM, R2 ∗ 3–38d ICC & VR 
Lévy, 2018 MTR 5d or 10 months ICC 
Bagnato, 2019 qMT Directly after each other Difference 
Drenthen, 2019 MWF After repositioning ICC 
Fujita, 2019 SyMRI After repositioning COV 
Shams, 2019 T1, T1w/T2w ratio After repositioning Difference 
Zhang, 2019 ihMTR, qihMT 3d & 45d ICC 
COV = Coefficient Of Variance 
ICC = Intraclass Correlation Coefficient 
ihMTR = inhomogeneous Magnetization Transfer Ratio 
MRI = magnetic resonance imaging 
MTR = Magnetization Transfer Ratio 
MWF = Myelin Water Fraction 
qihMT = quantitative inhomogeneous Magnetization Transfer 
qMT = quantitative Magnetization Transfer 
QSM = Quantitative Susceptibility Mapping 
TRT = test-retest 
VR = variance ratio 
croscopy. Potential confounding effects of the histological methods for 
myelin assessment were investigated using Kruskal-Wallis analysis, but 
no significant differences between these histological methods were ob- 
served (H = 3.330, p = 0.189, data not shown). 
3.3. Methodology in human studies 
The correlation between ex-vivo myelin MRI and histology was as- 
sessed on post-mortem CNS samples from healthy subjects, or patients 
with epilepsy, Alzheimer’s disease, MS, or X-linked adrenoleukodystro- 
phy ( Table 3 & A.2). The main differences in methodology were the use 
of either fresh samples or fixated samples ( Fig. 2 C & 2 D) and the type of 
histological staining that was applied. The use of fixated or non-fixated 
samples ( Fig. 3 B) did not have a significant effect on the correlation 
between MRI and histology (Mann-Whitney U test, U = 77, p = 0.249). Ei- 
ther histochemistry or immunohistochemistry was used for histological 
assessment of myelin. No significant effect of the histological technique 
on the correlation with MRI was observed when assessing all MRI meth- 
ods combined (U = 28, p = 0.148), or when MRI methods were individu- 
ally assessed. 
All reproducibility assessment studies were performed using in vivo 
MRI in healthy subjects ( Table 4 & A.3). Different intervals between 
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Fig. 2. Experimental methodology of myelin MRI validation studies. In an- 
imals, correlating MRI results with myelin histology, either (A) in vivo 
MRI ( Deloire-Grassin et al., 2000 ; Duhamel et al., 2019 ; Fjær et al., 2015 ; 
Harkins et al., 2013 ; Khodanovich et al., 2019 , 2017 ; Lauri J. Lehto et al., 
2017 ; Lodygensky et al., 2012 ; Merkler et al., 2005 ; Thiessen et al., 2013 ; 
Turati et al., 2015 ; Underhill et al., 2011 ; Zaaraoui et al., 2008 ) or (B) ex 
vivo MRI ( Argyridis et al., 2014 ; Chen et al., 2017 ; Hakkarainen et al., 2016 ; 
Janve et al., 2013 ; Jung et al., 2017 ; Kozlowski et al., 2008 ; Lauri Juhani Lehto 
et al., 2017 ; Soustelle et al., 2019 ; West et al., 2016 ) was used. After in vivo 
MRI, CNS samples were harvested for histological assessment. With ex vivo MRI, 
CNS samples were extracted before MRI and histology. The histological corre- 
spondence studies with human samples used for MR imaging either (C) fixated 
samples ( Bagnato et al., 2018a ; Hametner et al., 2018 ; Laule et al., 2008 , 2006 ; 
Reeves et al., 2016 ; Schmierer et al., 2008 ; Tardif et al., 2012 ; Van Der Voorn 
et al., 2011 ; Wiggermann et al., 2017 ), or (D) fresh samples ( Mottershead et al., 
2003 ; Schmierer et al., 2008 , 2007 , 2004 ; Warntjes et al., 2017 ), then ex-vivo 
MRI was performed, followed by histological staining. 
scan and rescan were used (range: immediate to 10 months). The three 
main methods applied were direct rescan after the first scan ( Bagnato 
et al., 2019 ; Lee et al., 2015 ; Levesque et al., 2010 ; Ljungberg et al., 
2017 ), direct rescan with repositioning after the first scan ( Arshad et al., 
2017 ; Drenthen et al., 2019 ; Duval et al., 2018 ; Fujita et al., 2019 ; 
Nguyen et al., 2016 ; Shams et al., 2019 ) or an interval of 2.5 h to 10 
months between scan and rescan ( Bagnato et al., 2018b ; Ellerbrock and 
Mohammadi, 2018 ; Feng et al., 2018 ; Lévy et al., 2018 ; Meyers et al., 
2009 ; Prasloski et al., 2012 ; Shams et al., 2019 ; Wu et al., 2006 ; 
Zhang et al., 2019 ). The direct scan-rescan evaluation was done for elim- 
inating possible methodological confounding effects. The direct scan–
rescan evaluation with repositioning was used to assess the sensitiv- 
ity of the method regarding differences in orientation. The results were 
comparable to the scan-rescan protocol with intervals from 2.5 h to 10 
months. On formal assessment, these differences in methodology did not 
show a significant influence on the test-retest analysis. 
3.4. MRI correspondence with myelin histology in animals 
The overall correspondence of all MRI methods combined with 
myelin histology is R 2 = 0.54 (SD = 0.30, n = 446). Forest plot analysis 
( Fig. 4 A) of individual MRI methods shows that ihMTR has the highest 
correspondence with myelin histology ( R 2 = 0.94, n = 3, N = 1), followed 
by QSM ( R 2 = 0.85, n = 29, N = 2), g-ratio ( R 2 = 0.69, n = 12, N = 1), qMT 
( R 2 = 0.60, n = 124, N = 10), MWF ( R 2 = 0.55, n = 73, N = 5), T1 ( R 2 = 0.55, 
n = 15, N = 2), UTE ( R 2 = 0.51, n = 15, N = 1), MTR ( R 2 = 0.42, n = 145, N = 10), 
and T2 ( R 2 = 0.37, n = 30, N = 3). R 2 values per MRI method for individual 
studies are provided in Table 5 . 
3.5. MRI correspondence with myelin histology in humans 
Overall, correspondence of the combined ex-vivo human myelin MRI 
methods with histology is R 2 = 0.54 (SD = 0.18, n = 340). The studies cor- 
relating MRI with histology in humans are summarized in Fig. 4 B. Forest 
plot analysis of individual MRI methods showed that the highest MRI- 
histological correspondence was found for MWF ( R 2 = 0.68, n = 28, N = 2), 
followed by MTR ( R 2 = 0.65, n = 98, N = 6), qMT ( R 2 = 0.60, n = 52, N = 2), 
SyMRI ( R 2 = 0.55, n = 12, N = 1), T1 ( R 2 = 0.48, n = 91, N = 6), T2 ( R 2 = 0.45, 
n = 34, N = 4), R2 ∗ ( R 2 = 0.18, n = 14, N = 2), and QSM ( R 2 = 0.07, n = 11, 
N = 2). Reported results per individual study with human data are dis- 
played in Table 6 . 
3.6. Reproducibility assessment 
Various outcome measures were used for analysis of the repro- 
ducibility (Table A.4). High test-retest reproducibility was reported for 
MWF with COV 1.3–27%, R 2 0.90–0.99, and ICC 0.88–0.93. The vari- 
ability in COV values is due to differences in test-retest outcomes be- 
tween brain regions, with worst reproducibility in areas with poorest 
B1 field homogeneity. For the T1w/T2w ratio, also a high reproducibil- 
ity between scans is reported, with 3.4% COV, 0.91 ICC, and a difference 
of 1.0–3.9%. The test-retest analysis for g-ratio displayed a R 2 of 0.19 
and 86% similarity. Furthermore, a COV of 0.6-3.5% for SyMRI, an ICC 
of 0.92 for R2 ∗ , a difference of 0.6–2.5% for T1, an ICC of 0.87–0.91 
for QSM, an ICC of 0.05–0.51 for MTR, a COV of 1.4–11.4% and a dif- 
ference of 0.0–0.6% for qMT, an ICC of 0.81 for ihMTR, and an ICC 
of 0.86 for qihMT were observed. In general, test–retest reproducibility 
was adequate except for MTR. 
4. Discussion 
Accurate and reliable measurement of myelin density would greatly 
facilitate the evaluation of treatment strategies in MS that are focused 
on myelin repair. This review aimed to investigate the performance of 
currently available MRI methods for myelin quantification with respect 
to the correspondence with histology, and reproducibility. Our findings 
indicate that overall the MRI methods show a fairly good correlation 
with histology and a good test–retest variability. However, the available 
data from animal models, ex-vivo studies on human brains, and in-vivo 
repeatability studies is still limited for most MRI methods, thus preclud- 
ing a definite conclusion on the most optimal MRI method for myelin 
quantification. Besides, differences in methodology between studies also 
hamper a thorough comparison, underlining the need for standardiza- 
tion of methods. 
Differences in sample preparation, especially the use of fixation, was 
suggested to negatively influence MRI correspondence with myelin his- 
tology ( Schmierer et al., 2008 ). Our analysis found no significant effect, 
but a trend towards an effect of sample preparation on the correlation 
between MRI and histology in animal studies ( in-vivo vs. ex-vivo MRI) 
was observed. This indication was not found in human studies (fresh 
vs. fixated samples). It has been suggested that the fixation process in- 
teracts with relevant macromolecules, thereby altering their physical 
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Fig. 3. Results of individual studies assess- 
ing the histological correspondence with 
various MRI methods. For animal studies 
(A), open symbols depict in vivo MRI stud- 
ies, closed symbols ex vivo MRI studies, and 
the lines depict unweighted mean values. 
For studies using human samples (B), open 
symbols depict the use of fresh CNS sam- 
ples, closed symbols represent fixated CNS 
samples, and the lines depict unweighted 
mean values. MTR = magnetization trans- 
fer ratio, MWF = myelin water fraction, 
qMT = quantitative Magnetization Trans- 
fer, QSM = quantitative susceptibility map- 
ping, SyMRI = Synthetic MRI. 
characteristics and thus magnetization transfer between these macro- 
molecules and the free water pool ( Schmierer et al., 2010 ). However, 
the fact that similar results were obtained when fresh and fixated hu- 
man samples (both ex-vivo MRI) were used, indicates that the effect of 
sample preparation in animal studies is probably not caused by the fix- 
ation process per se, but is likely also due to a difference in acquisition 
of the imaging signal between in-vivo and ex-vivo samples, such as dis- 
tortion of magnetic field homogeneity. 
A high variability in the performance of the same MRI technique 
between studies was observed. The intrinsic clinical nature of MRI re- 
quires optimization of the signal to noise ratio (SNR) and the con- 
trast to noise ratio (CNR) by adjusting the MRI parameters to obtain 
the best images with the most diagnostic information per individual, 
which inherently also affects reproducibility. Changes in e.g. repetition 
time (TR) or echo time (TE) have huge impact on voxel intensity. Even 
when these parameters remain constant, changes in patient orientation 
within the field-of-view (FOV) cause differences in tissue composure, 
and hence also leading to differences in voxel intensities. These aspects 
make it difficult to perform reproducible and quantitative analysis. As 
illustrated in the Appendix (Table A.5-17), this leads to a high variety 
among the MR parameters within the same methodology. These results 
suggest that the high variation in efficacy for T1, T2, MTR, and qMT 
( Fig. 3 ) is likely due to the variety of settings in TE, TR, flip angle, 
off-set frequencies, and sequences used to generate these images (Ta- 
ble A.5-6,11-12). In contrast, the low variation in results for MWF in 
human (as compared to animal studies) may be due to the fact that 
these studies have been performed in a single centre, thus reducing 
the number of variables between studies. Standardized protocols with 
one consistent FOV large enough for every brain, using consequently 
the same TR, TE, inversion time (TI), flip angles, matrix sizes, etc. 
would enhance MRI reproducibility and would aid in quantitative MRI 
analysis. 
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Fig. 4. Forest plot analysis of correspondence (R 2 ) between myelin MRI and histology. The animal studies are depicted in (A), the human studies in (B). MTR = mag- 
netization transfer ratio, MWF = myelin water fraction, n = sample size, N = number of studies, qMT = quantitative Magnetization Transfer, QSM = quantitative 
susceptibility mapping, SD = standard deviation, SyMRI = Synthetic MRI. ˟ no SD, since only one study was available 
The correspondence between the different MRI methods and histol- 
ogy ranges from R 2 0.37 (from 3 studies assessing T2) to 0.94 (of the 
one study assessing ihMTR) in animal studies and from 0.07 to 0.68 
in human studies. In human studies, MWF, MTR, and qMT gave the 
highest correspondence with myelin histology with R 2 values of 0.68, 
0.65, and 0.60, respectively. These results indicate that the ground 
work for myelin imaging with MRI is present, and further improve- 
ment and optimization might improve the accuracy to measure myelin 
density. When the difference between ex-vivo and in-vivo animal stud- 
ies is translated to humans, it can be expected that in-vivo assessment 
of myelin in the human brain will show a somewhat lower correlation 
with myelin content than the current ex-vivo measurements. Recent data 
indicate that differences in iron content seem to have a major impact 
on the MWF signal ( Birkl et al., 2019 ), but further studies are needed 
to improve the myelin specificity of MWF, for example by introduc- 
ing correction for iron content. Iron is a dominant contributor to R2 ∗ 
and QSM measurements, in particular in grey matter. In white matter 
iron concentrations are thought to be low and thus have less impact 
on the MWF, but R2 ∗ and QSM measurements seem to be highly sus- 
ceptible for white matter microstructure and fibre orientation, which 
hampers their use for myelin imaging and supports the lack of associ- 
ations with myelin histological assessment in humans ( Gil et al., 2016 ; 
Oh et al., 2013 ). Recently, the T1w/T2w ratio and mcDESPOT have al- 
ready been used as myelin MRI measurements in human studies corre- 
lating their results to clinical characteristics, despite the fact that no an- 
imal or human studies quantitatively investigating the correspondence 
between MRI estimates and myelin histology for these techniques have 
been reported yet ( Ganzetti et al., 2014 ; Kolind et al., 2015 ). How- 
ever, mcDESPOT has been demonstrated to be an inaccurate and im- 
precise measurement, when magnetization exchange is present, even if 
intercompartment exchange is removed from the underlying microstruc- 
tural model ( West et al., 2019 ). Although several examples have been 
reported that suggest precise mcDESPOT MWF estimates can be ob- 
tained, this apparent MWF contrast is likely due to bias introduced 
by the Stochiastic Region Contraction method commonly used to fit 
the mcDESPOT model. As a result of this bias, mcDESPOT-derived pa- 
rameter estimates can only be compared between studies if similar ac- 
quisition and analysis protocols are used. The T1w/T2w ratio has a 
poor correlation with MWF, indicating that the T1w/T2w ratio does 
not measure the myelin water fraction ( Uddin et al., 2018 ). Very re- 
cently, a technique called Ultrashort EchoTime or UTE has also been 
applied to myelin imaging. This method would have the potential to 
directly image macromolecular-bound hydrogen in myelin ( Du et al., 
2014 ). Our analysis found only 1 article assessing the performance of 
UTE, showing a moderate correspondence with myelin histology in an- 
imals. Possibly, different strategies e.g. the use of a UTE devoid of dif- 
fusion weighing might potentially enhance UTE’s efficacy for myelin 
imaging. 
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Table 5 
R 2 values for the correlation of different MRI methods with myelin histology data observed in animal studies. 
Study ROI origin T1 T2 MWF QSM MTR qMT ihMTR UTE g-ratio Sample size 
Deloire-Grassin, 2000 WM 0.63 5 
Merkler, 2005 WM 0.23 35 
Kozlowski, 2008 WM 0.77 16 
Zaaraoui, 2008 WM 0.62 16 
Underhill, 2011 GM & WM 0.98 9 
Lodygensky, 2012 WM 0.72 11 
Harkins, 2013 WM 0.16 0.02 9 
Janve, 2013 WM 0.72 9 
Thiessen, 2013 WM 0.44 0.53 0.52 0.86 10 
Argyridis, 2014 WM 0.93 18 
Fjaer, 2015 GM & WM 0.01 24 
Turati, 2015 WM 0.35 15 
WM 0.29 15 
Hakkarainen, 2016 GM & WM 0.77 0.18 0.34 5 
Lehto, 2017b GM 0.94 11 
West, 2016 GM & WM 0.68 0.66 0.70 0.70 15 
Chen, 2017 WM 0.67 18 
Jung, 2017 WM 0.69 12 
Khodanivich, 2017 GM & WM 0.77 14 
Lehto, 2017a WM 0.52 21 
Duhamel, 2019 GM & WM 0.52 0.94 3 
Khodanovich, 2019 GM & WM 0.60 13 
Soustelle, 2019 GM & WM 0.28 0.60 0.51 15 
GM = Grey matter 
ihMTR = inhomogeneous Magnetization Transfer Ratio 
MTR = Magnetization Transfer Ratio 
MWF = Myelin Water Fraction 
qMT = quantitative Magnetization Transfer 
QSM = Quantitative Susceptibility Mapping 
UTE = Ultrashort Echo Time 
WM = White matter 
Table 6 
R 2 values for the correlation of different MRI methods with myelin histology data observed in studies on human material. 
Study ROI origin T1 T2 MWF R2 ∗ QSM MTR qMT SyMRI Sample size 
Mottershead, 2003 WM 0.61 0.33 0.42 4 
Schmierer, 2004 WM 0.49 0.71 20 
Laule, 2006 GM & WM 0.67 25 
Schmierer, 2007 WM 0.48 0.71 0.64 37 
Laule, 2008 GM & WM 0.78 3 
Schmierer, 2008 unfix WM 0.59 0.67 0.69 0.52 15 
Schmierer, 2008 fix WM 0.79 0.85 0.46 0.74 
Van der Voorn, 2011 WM 0.53 20 
Tardif, 2012 GM & WM 0.59 0.42 0.36 2 
Reeves, 2016 GM & WM 0.27 0.24 13 
Warntjes, 2017 GM & WM 0.55 12 
Wiggermann, 2017 WM 0.001 5 
Bagnato, 2018a GM & WM 0.31 8 
Hametner, 2018 GM & WM 0.001 0.12 6 
GM = Grey matter 
MTR = Magnetization Transfer Ratio 
MWF = Myelin Water Fraction 
qMT = quantitative Magnetizaiton Transfer 
QSM = Quantitative Susceptibility Mapping 
SyMRI = Synthetic MRI 
WM = White matter 
There are no articles correlating myelin histology with T1w/T2w ratio or g-ratio myelin estimates. 
Another explanation might be that the variability in the results be- 
tween individual studies could be due to differences in the histological 
methods used. Because electron microscopy allows direct measurement 
of myelin sheaths it is considered the most reliable method. However, 
electron microscopy is elaborate and only gives information about a 
small part of the tissue. Immunohistochemistry methods that target ei- 
ther myelin basic protein (MBP) or proteolipid protein (PLP) are then 
considered most accurate, followed by histochemistry methods, like 
luxol fast blue (LFB), that target lipophilic structures. However, a head- 
to-head comparison of all of these histological methods has not been 
published, which would be necessary for thoroughly assessing the effi- 
cacy of the various myelin histological methods for quantifying myelin. 
Nonetheless, our analysis did not show a significant confounding effect 
of the histological methods used in the animal studies or in the human 
studies, although one of the underlying animal studies actually observed 
a very strong effect between the use of LFB and anti-MBP antibodies 
( Kozlowski et al., 2008 ). 
In our study, we combined all available animal studies for analysis 
of the quantitative correspondence between MRI and myelin histology. 
According to our forest plot analysis of animal studies, ihMTR and QSM 
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have by far the highest correspondence with myelin histology, followed 
by g-ratio, qMT, MWF, and T1. Others ( Thiessen et al., 2013 ; West et al., 
2016 ) performed a head-to-head comparison, showing that qMT per- 
forms better than T1 and T2. In contrast, another study indicated that 
T2, MWF, MTR and qMT have a similar performance ( West et al., 2016 ) 
and a third study demonstrated that T2 performs better than both T1 and 
MTR ( Merkler et al., 2005 ). This discrepancy between studies suggests 
a strong effect of experimental design and local factors on the outcome 
of such comparisons. This observation is corroborated by the results of 
human studies, which also display a high variety among individual stud- 
ies. Our forest plot analysis for human studies shows that MWF performs 
slightly better than the other MRI methods, although not enough data 
are available to support a firm statement. Also, no head-to-head compar- 
isons of MWF with other myelin MRI techniques in humans have been 
described so far. Interestingly, the high correspondence of QSM with 
myelin histology observed in animals, could not be confirmed in the 
first studies with human samples. The failure of QSM to display changes 
in myelin in human studies, might be due to the differences in suscepti- 
bility gradients between in-vivo and ex-vivo tissue, and the current QSM 
post processing algorithms employed ( Wiggermann et al., 2017 ). This 
suggests that QSM has potential, but further optimization and improve- 
ment of this method in humans is needed. Head-to-head comparisons 
between different MRI methods for myelin imaging in the human brain 
also give conflicting results ( Mottershead et al., 2003 ; Schmierer et al., 
2007 , 2004 ; Tardif et al., 2012 ). Two studies on fresh CNS samples 
show that T1 performs better than T2 and MTR ( Mottershead et al., 
2003 ; Tardif et al., 2012 ), whereas another study on fresh CNS samples 
suggests that MTR and qMT perform better than T1 ( Schmierer et al., 
2007 ). More recently, the same authors found that T1, T2, MTR and qMT 
have a similar performance in fresh samples ( Schmierer et al., 2008 ), 
whereas MTR performed worse than the other methods in fixated sam- 
ples ( Schmierer et al., 2008 ). In the study of Alonso-Ortiz and colleagues 
( Alonso-Ortiz et al., 2018 ) a higher correspondence between different 
MWF estimates was observed when regions in both WM and GM were 
investigated, instead of only WM regions. In our study, correlations be- 
tween myelin histology and MRI measures in both WM and GM were not 
better than the same correlations in only WM or only GM regions ( Tables 
5-6 and A.4). Currently, no study with either animal or human samples 
provided a direct comparison of all myelin MRI techniques. Comparing 
all myelin MRI methods with myelin histology within the same brain 
sample set would facilitate the selection of the most reliable myelin 
MRI method. Such a brain sample set should include various diseases 
and disease stages. At the same time, combinations of several methods 
could be assessed in order to evaluate if such a multiparametric imaging 
approach could yield a higher overall accuracy. According to the results 
of Mangeat and colleagues, such a multiparametric approach results in 
more accurate myelin estimations and could also easily be implemented 
for clinical use ( Mangeat et al., 2015 ). Application in clinical practice 
should be feasible as acquisition times range from 4 (MWF) to 7 minutes 
(mcDESPOT) ( Cercignani et al., 2017 ; Hervé et al., 2011 ; Nguyen et al., 
2016 ; Zhang et al., 2015 ). 
The reproducibility of the evaluated MRI methods is generally good. 
However, data on reproducibility are scarce and only for MWF sufficient 
studies to assess reproducibility are available. The low reproducibil- 
ity of MTR could be due to motion and susceptibility artefacts and the 
low signal-to-noise ratio achieved, as suggested by others ( Lévy et al., 
2018 ). They state these effects are specifically relevant in spinal cord 
imaging, however, other studies assessing the reproducibility of myelin 
MRI in spinal cord imaging did not observe this ( Duval et al., 2018 ; 
Ljungberg et al., 2017 ; Wu et al., 2006 ). The low reproducibility of MTR 
in the study of Levy and colleagues might therefore also be caused by 
other factors, such as the variable interval between the scans (5 days or 
10 months) or to the used off-set frequency of the RF pulse of 1.2 kHz, 
which does not result in optimal saturation (7–10 kHz) ( Ulmer et al., 
1996 ). In addition, when comparing studies that correlated myelin MRI 
with histology in the brain and studies that evaluated myelin imaging 
in the spinal cord, no differences (data not shown) in accuracy were 
found, further supporting the assumption that the low reproducibility 
is most likely not due to spinal cord imaging. More studies are needed 
to determine the test-retest variability of the other MRI methods for 
myelin imaging. Noteworthy are the discrepant test-retest results for 
g-ratio: one study reported high reproducibility ( Ellerbrock and Mo- 
hammadi, 2018 ), whereas another study found a low reproducibility 
( Duval et al., 2018 ). This might be due to differences in the applied dif- 
fusion MRI sequence. The landscape of sequences and biophysical mod- 
els used in MRI is vast and inhomogeneous, especially for diffusion MRI. 
Regarding diffusion MRI, the same Pulsed Gradient Spin Echo (PGSE) 
sequence with different parameters can probe for hugely different phys- 
ical and physiological parameters. The observation that for some myelin 
MRI methods (e.g. T1w/T2w ratio, qihMT) accuracy assessment through 
comparison with histology has not been performed yet, questions the 
worth of the reproducibility assessment for these imaging techniques. 
Since no other myelin imaging techniques are currently routinely 
used in humans, we did not compare the MRI performance to other 
imaging techniques. Especially molecular imaging techniques like 
Positron Emission Tomography (PET) are by nature particularly suitable 
for quantitative analysis of tissue constituents. Preclinical PET studies 
with myelin binding ligands showed promising results ( Auvity et al., 
2020 ; de Paula Faria et al., 2014 ; Wu et al., 2010 ). Recently, also amy- 
loid PET tracers have been successfully used for assessing myelin in- 
tegrity in humans ( Zeydan et al., 2018 ). Combining the spatial resolu- 
tion of MRI with the quantitative power of PET may further improve 
reliable quantification of myelin in-vivo . 
In conclusion, MRI-based myelin imaging methods overall show a 
fairly good correlation with histology and a good reproducibility. How- 
ever, the currently available data is insufficient and the variability 
in performance between studies is too large to determine which MRI 
method reflects myelin content best. This indicates that all method- 
ologies should be continued to pursue and motivates to perform more 
head-to-head comparisons across MRI methods and histology. Nonethe- 
less, the highest correspondence between myelin MRI and myelin histol- 
ogy assessed by at least two independent studies was observed for QSM 
(R 2 = 0.85) in animals, whereas MWF correlated best ( R 2 = 0.68) in hu- 
mans. Optimization of the intrinsic properties of the MRI techniques to 
overcome methodological constraints and a thorough assessment of the 
quantitative nature of the myelin histological methods, might improve 
the accuracy of myelin MRI methods for myelin imaging. This analy- 
sis also underlines the need for further standardisation of protocols to 
facilitate the comparison of the results from different studies. 
Data and code availability statement 
Since this study is a systematic review, all data regarding this study 
were publicly available. This study was conducted in accordance with 
the PRISMA-DTA statement, using the databases of PubMed/MEDLINE 
and Embase. PubMed/MEDLINE and Embase were searched for studies 
on myelin MRI published until December 2019, using the search strings 
shown in the Appendix, without language restrictions. 
Search string for PubMed/MEDLINE search: 
• ("Myelin Sheath"[Mesh] OR "myelin sheath"[tiab] OR myelin[tiab] 
OR "myelin sheaths"[tiab]) AND (((quantification[tiab] OR quanti- 
tative[tiab]) AND (( “T1 T2 ratio ”[tiab] OR “T1-T2 ratio ”[tiab] OR 
“T1-T2-ratio ”[tiab] OR “T1 T2 ”[tiab] OR T1[tiab]) OR ( “Magnetic 
Resonance Imaging ”[MeSH] OR MRI[tiab] OR “magnetic resonance 
imaging ”[tiab] OR “MR imaging ”[tiab] OR “MRI scan ”[tiab] OR 
“MRI scans ”[tiab]))) OR ("Proton Spin Tomography"[tiab] OR "Spin 
Echo Imaging"[tiab] OR "spin echo"[tiab] OR "spin-echo"[tiab] OR 
GRASE[tiab]) OR ( “myelin water fraction ”[tiab] OR “myelin water 
imaging ”[tiab] OR “myelin volume fraction ”[tiab] OR “multiexpo- 
nential T2 ”[tiab] OR MWF[tiab] OR MVF[tiab] OR MWI[tiab] OR 
MET2[tiab] OR “myelin volume ”[tiab] OR “myelin water ”[tiab]) 
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OR (QSM[tiab] OR “quantitative susceptibility mapping ”[tiab] OR 
“quantitative susceptibility map ”[tiab]) OR (mcDESPOT[tiab] OR 
“multicomponent driven ”[tiab]) OR (g-ratio[tiab]) OR ( “magnetic 
transfer ”[tiab] OR “magnetization transfer ”[tiab] OR “quantitative 
magnetic transfer ”[tiab] OR “magnetic transfer ratio ”[tiab] OR 
“magnetization transfer ratio ”[tiab] OR “quantitative magnetization 
transfer ”[tiab] OR MT[tiab] OR MTR[tiab] OR QMT[tiab])) 
Search string for Embase: 
• (‘Myelin Sheath’/exp OR myelin:ab,ti) AND (((quantification:ab,ti 
OR quantitative:ab,ti) AND ((‘T1 T2 ratio’:ab,ti OR ‘T1-T2 ratio’:ab,ti 
OR ‘T1-T2-ratio’:ab,ti OR ‘T1 T2’:ab,ti OR T1:ab,ti) OR (‘Mag- 
netic Resonance Imaging’/exp OR MRI:ab,ti OR ‘magnetic reso- 
nance imaging’:ab,ti OR ‘MR imaging’:ab,ti OR ‘MRI scan ∗ ’:ab,ti 
OR ‘MRI scans’:ab,ti))) OR (‘Proton Spin Tomography’:ab,ti OR 
‘Spin Echo Imaging’:ab,ti OR ‘spin echo’:ab,ti OR GRASE:ab,ti) OR 
(‘myelin water fraction’:ab,ti OR ‘myelin water imaging’:ab,ti OR 
‘myelin volume fraction’:ab,ti OR ‘multiexponential T2’:ab,ti OR 
MWF:ab,ti OR MVF:ab,ti OR MWI:ab,ti OR MET2:ab,ti OR ‘myelin 
volume’:ab,ti OR ‘myelin water’:ab,ti) OR (QSM:ab,ti OR ‘quanti- 
tative susceptibility mapping’:ab,ti OR ‘quantitative susceptibility 
map’:ab,ti) OR (mcDESPOT:ab,ti OR ‘multicomponent driven’:ab,ti) 
OR (g-ratio:ab,ti OR ‘g ratio’:ab,ti) OR (‘magnetic transfer’:ab,ti OR 
‘magn ∗ transfer’:ab,ti OR ‘magnetization transfer’:ab,ti OR ‘quanti- 
tative magnetic transfer’:ab,ti OR ‘magnetic transfer ratio’:ab,ti OR 
‘magnetization transfer ratio’:ab,ti OR ‘quantitative magnetization 
transfer’:ab,ti OR MT:ab,ti OR MTR:ab,ti OR QMT:ab,ti)) NOT ‘con- 
ference abstract’/it 
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